Abstract--Zinc silicates were synthesized under conditions analogous to surficial weathering environments. The main product, regardless of conditions of precipitation or ageing, was shown by X-ray, i.r., electron microscopic and chemical evidence to be a 2:1 layered zinc silicate equivalent of stevensite. In the presence of aluminium, a 1:1 layered zinc silicate was formed as well, in confirmation of published work. The stability of the zinc silicate, in relation to carbonate, was favoured by the presence of aluminium in the lattice and silicic acid in the equilibrium solution. Zinc layer silicates were formed under conditions that generated orthorhombic zinc hydroxides and/or basic salts in the absence of silicon; the involvement of the brucitic zinc hydroxide (or-form), as proposed by earlier workers, could not be supported. Crystalline zinc layer silicates were formed by the slow evolution of the initial gels. Such layer silicates, but not willemite or hemimorphite, could have an important role in the control of chemical reactions of zinc in soils.
INTRODUCTION
Zinc silicate minerals such as willemite (ZnzSiO+) and hemimorphite [-Zn+Si2OT(OH)z.H20] and sauconite, with the generalized composition (Si, A1)s (A1,Fe, Mg,Zn)~,O2o(OH)+, are found in nature in the oxidation of some sulphide ore bodies. Laboratory studies by Roy and Mumpton (1956) and Esque,; ,in (1960) have contributed to our knowledge of the formation and relative stability of such minerals. Roy and Mumpton's work was carried out at elevated temperatures (13(~730~ and pressures (34.~276 bar) and showed that willemite and hemimorphite were more stable than sauconite which was only formed with difficulty. Two-layered zinc silicates (1:1) of the antigorite type were not formed. Their results suggested that willemite might not form below 250~ whereas pure sauconite was stable up to 210~ Esquevin's work, mainly at 100~ and under atmospheric pressure, extended this study to conditions more applicable to the subaerial environment. He reported that hemimorphite+ willemite and 2:1 layer silicates were formed but not the zinc equivalent of antigorite. Esquevin suggested that zinc added to soils may be fixed by the formation of willemite or hemimorphite.
In studies of the reactions of heavy metal cations with clays and alumina at 20~ . Tiller (1968a,b) has shown that the adsorption of either zinc or silicic acid by silicate clays will favour the removal of the other from solution. Precipitation of zinc in the presence of clay was also favoured by the presence of silicic acid. The possibility of a zinc silicate phase at clay edges or existing separately could have important implications in the chemistry of zinc in soils and sediments.
The aim of these experiments was to study further the formation of zinc silicates but under conditions more appropriate to low temperature environments, especially soils. Experiments at higher temperatures were avoided because the advantage of higher reaction rates could be offset by the formation of compounds with a different stability field.
MATERIALS AND METHODS

General procedures
Experiments were conducted in a constant temperature room at 20 + 1 ~ Details of procedures are given later. Monomeric siticic acid was considered the appropriate source of silicon since it is the common form of silicon in soil solution (McKeague and Cline, 1963) and probably other weathering environments. This was prepared by passing potassium silicate solution of the required concentration through a H +-saturated, strongly acidic cation exchange resin. All precipitations were carried out in polyethylene bottles or polypropylene tubes.
Dialysis was carried out using seamless cellulose tubing. The distilled water used for dialysis was changed regularly for several months, frequently at first, but less so later.
X-ray diffi'action
X-ray diffraction analyses were carried out with a 409 5.73 cm dia. camera using Co Kc~ radiation. The patterns obtained were measured and compared with reference standards (J.C.P.D.S., 1972). Visual comparisons were also made with standard photographs where possible. All samples were examined after drying at room temperature: many samples were also re-examined after heating at 110~ or higher, and some, after treatment with glycerol.
h~[?a-red spectroscopy
Infra-red spectra were recorded on a Per kin-Elmer Model 521 spectrophotometer using KBr discs of the samples after drying at 50~ The discs were pressed (440 bar) under vacuum.
RESULTS
Preliminary experiments
In preliminary experiments, zinc was precipitated during a period of about 20 min in solutions containing 1.85 z 10 -3 molar silicic acid, by neutralization of zinc chloride with dilute sodium hydroxide solution. The pH of precipitation was varied but not maintained constant. The reactants varied in Si/Zn molar ratio from 0.67 to 3.00: the products were stored in suspension for periods from 2 to 40 days. All products were amorphous to X-rays and formless under the electron microscope.
Experiments with controlled conditions of precipitation and ageing (a) Aged for [10] [11] [12] weeks. Zinc compounds were precipitated over a period of about 2 hr by adding zinc chloride solution to about l litre of solution containing approximately 2 x l0 -3 molar silicic acid and the required electrolyte. The reactants were well stirred during precipitation and the pH maintained constant by addition of the appropriate base. Aluminium was introduced as aluminate in sodium hydroxide solution when required. Precipitates were aged, either as precipitated or after dialysis against distilled water. In the former case, the appropriate pH was maintained constant. Experimental conditions included variable Si/Zn ratio (0.64-1.20), pH (6.5-9'0), and electrolyte (M NaC1, 0'05 M CaC12, 0'01 M CaCl2, or none), addition of AI and the two methods of ageing.
Most products prepared by precipitation in the presence of low or no added electrolyte and aged without dialysis are effectively amorphous to X-rays although a few weak reflections are present, which are associated with layer silicates. The electron microscope showed that all samples consist mainly of formless material; some dialyzed, aluminium-free samples also contain many well defined platelets (0.2 #m x 0.5 pm x 10-20 A). These are presumed to be due to a zinc carbonate phase, probably subcrystalline hydrozincite (2ZnCO 3 . 2Zn(OH)2), because of the i.r. spectra. Infrared data also showed that all products regardless of experimental conditions are incipient 2:1 layer silicates (see later).
(b) Aged for at least 1 yr. Most of the products referred to under (a) above were permitted to age for much longer periods, some as long as 7 yr. For confirmation additional experiments were performed under sterile conditions using autoclaved, filtered solutions to minimize the possibility that bacterial products might affect the evolution of crystalline products. This precaution did not affect the results.
X-ray diffraction data
The ageing of precipitates for 1 yr at 20~ resulted in well defined diffraction patterns of broad lines. The patterns became a little more distinct on further ageing of precipitates up to 2 yr but there was no further change up to 7 yr, apart from some sharpening of the h),drozincite lines when present. An example of the kind of pattern obtained is shown in Fig. I . The minerals identified in the various products together with the corresponding experimental conditions are summarized in Table 1 . Examples of the X-ray diffraction data are given in Table 2 .
The aluminium-free products consisted mainly of a 2:1 layer silicate, the intensity of the diffraction pattern being favoured by higher pH conditions and lower electrolyte concentration during precipitation and by ageing without dialysis. Hydrozincite was also produced, especially when the products were dialyzed.
The products containing aluminium consisted of the 2:1 layer silicate and a second mineral with a spacing at about 7.4/~ which could only be assigned to a 1:1 layer silicate. Willemite was not identified in any products: bemimorphite occurred in only one.
The diffraction band at 12/~ in the pattern of both air-dried samples, collapsed to I I A on heating the sample at 110~ and irreversibly to l0 A at 300~ No pattern remained after the samples were heated at 500~ On treatment with glycerol, the pattern of the type sample, S14/3, sharpened a little but there was no swelling.
Electron microscopy
Many of the products examined under the electron microscope consist of more than one phase. The second phase is commonly amorphous. Sample S14/3 is representative of those products which appeared to consist of one phase under the electron microscope. As illustrated in Fig. 1 , the micrographs show aggregates T  T  T  T  T  T  T  T  P  P  P of fine grained platy particles, similar in appearance to some montmorillonites. These aggregates could not be dispersed ultrasonically.
Infra-red spectroscopy
The aluminium-free products are characterized by absorption peaks at 990, 660, 460 and 300 cm-1 with shoulders at about 900 and 400 cm-1. Infra-red patterns of these materials also contained other peaks due to basic zinc carbonates. The products containing aluminium have main absorption peaks at 1000, 560 and about 450 cm-1, but not at 300 or 660 cm-1. The i.r. spectra were only marginally affected by conditions of precipitation such as pH and electrolyte. Examples of these spectra are shown in Fig. 2 and compared with those of sauconite, hemimorphite and hydrozincite. The spectra of S14/3 and $6/6 are quite similar to that of sauconite and other 2:1 layer silicates such as saponite and stevensite (not shown), but differ from those of non-layer zinc silicates, willemite (not shown) and hemimorphite. Infra-red spectra often confirmed the presence of zinc carbonates in many products, e.g. $6/6.
Chemical data
Most samples were not analyzed chemically because of the difficulty of interpretation of data obtained from mineral mixtures. The chemical composition is given (Table 3) for sample S14/3 because other data indicated that it consisted of a single phase. Chemical formulae were calculated on the basis of either 11 oxygen atoms or 4 silicon atoms. An amount of zinc in excess of the requirements of a 2:1 layer mineral is evident. This excess varies from about one-tenth to one-third of the total zinc, depending on which basis the empirical formulae are calculated and on the role of excess zinc See Table 1 for details of products. Average of 2 analyses of Ca" *-saturated sample, after ignition at 1000~ Analyses by J. T. Hutton, CSIRO, Adelaide.
in balancing the resultant charge, Some of this excess zinc may occur as a brucite-like interlayer. This hypothetical zinc hydroxide interlayer cannot be very extensive because the 12.3 A line collapsed to 11-1 /~, when the sample was heated at 105~ However, caution needs to be exercised in any analogy with natural chlorites because of the low stability of zinc hydroxide (see later). It is proposed that the 2:1 layer silicate of most products is analogous to a partially chloritized stevensite in which the brucite layer covers up to 40 per cent of the theoretical maximum interlayer area. Sample S14/3 has a net charge of about 7 m-equiv/ 100 g.
* Determined by J. Holt, Division of Soils, CSIRO, Adelaide.
The surface areas* of selected samples were determined by N 2 adsorption using a continuous flow method. Values of 223, 105 and 158 m2/g were obtained for samples $6/7, $6/8 and S14/3, respectively. The surface area of S14/3 is consistent with the size of particles seen under the electron microscope, assuming that one phase is present.
(c) Synthesis Of silicon:free zinc compounds. Zinc compounds were prepared and aged under conditions identical to those of the S14 samples (Table 1 ) but in the absence of silicic acid. The initial precipitate in the presence ofM NaC1 was 4Zn(OH)2. ZnCI2 plus an unidentified basic salt. Insufficient material was available for analysis of the corresponding aged product. The results for products prepared in the absence of added electrolyte are summarized in Table 4 . These initial products were not analyzed but later precipitations under similar conditions always produced fl-Zn(OH)2 in addition to a small amount of an unidentified basic salt in some samples. This fl-Zn(OH)2 was transformed into the E-form Within several days at 20~ Both hydroxides decomposed to ZnO on heating overnight at 110~ The ease of this conversion may be a function of the degree of crystallinity. The transition from fiZn(OH)2 to oZn(OH)2 to ZnO on ageing or heating is consistent with their relative stability (Fricke and Htittig, 1944) . Hydrozincite is the final end product for both ageing conditions.
DISCUSSION
Layer silicates
The characteristic reflections of 2:1 layer silicates were amongst the first to be detected as products achieved sufficient order to give rudimentary X-ray diffraction patterns. These were observed after the products were aged for about three months but only for those samples which were precipitated in solutions of low electrolyte content and not dialyzed. The X-ray patterns are well defined after ageing of the precipitates for 12 months but the definition improved somewhat on further ageing. These 2:1 zinc layer silicates have the surface area, crystal morphology, i.r. spectra and X-ray diffraction pattern of disordered trioctahedral montmorillonite. Because of the excess zinc present, the low net charge, and swelling characteristics, it is further proposed that this main product is analogous to a partially chloritized stevensite.
In the pure zinc silicon system, the 2:1 layer silicate (or its precursor as shown by i.r.) is the only silicate mineral present over a large range of conditions including pH (6.5-9'0), concentration and kind of electrolyte, Si/Zn ratio of reactants (0.64-1-20) and different ageing conditions. Some factors did, however, marginally affect crystallinity of products. This is in contrast with the results of Esquevin (1960) who found that the minerals formed at 100<~C depend strongly on pH and electrolyte. He produced mainly 2:1 silicate or hemimorphite, depending on the presence or absence of electrolyte. Willemite also formed at lower pH values. His experimental conditions of both pH and electrolyte were more associated with the rate of release of silicon from the glass walls of the container in relation to the rate of zinc added, rather than associated with conditions of precipitation and ageing. The experimental approach of Esquevin would favour the initial formation of precipitates of lower Si/Zn ratio, i.e. precursors of hemimorphite. Such phases would be emphasized eventually because of the greater opportunity for the evolution of crystalline products.
The non-formation of 1:1 layer silicates in the pure Zn-Si system, as shown by Roy and Roy (1954) and Esquevin (1960) , was confirmed by our experiments at 20~
The X-ray patterns of products containing aluminium had, in addition, a reflection at about 7.4 A that does not arise from 2:1 layer silicates, or from hemimorphite, hydrozincite or other basic salts. This peak is ascribed to a 1 :l layer silicate, which may be similar to zinc berthierine synthesized by Esquevin (1960) . Diffraction data for the latter samples were not available for comparison. The X-ray evidence also shows that in the presence of aluminium, the diffraction band at 12 A is weaker, and the (060) reflection occurs at 1'53 A, compared with 1'55 A for the aluminium-free 2:1 silicate. The adjacent reflection at 1.50 A is presumed to be the (060) reflection of the 7.4 A phase (see Table 2 ). These results are interpreted as being consistent with a mixture of two minerals, each of greater dioctahedral character than the aluminiumfree 2:1 layer silicate mineral discussed above.
Infra-red spectra of these products show decreased absorption at 660 cm 1 coupled with increased absorption at around 550 cm-~ when aluminium was included. By analogy with the studies of Stubican and Roy (1961) on the substitution of Mg and AI in layer silicates, the i.r. results can be explained by the replacement of AI for Si in tetrahedral positions to produce saponite-like rather than stevensite-like compounds. It may also be possible that AI substitutes for Zn in the octahedral positions of a second phase. Appreciable substitution of AI in both tetrahedral and octahedral sites of one phase is unlikely although it has been reported in batavite (Brown, 1961) ,
Zinc carbonates and other compounds
Hydrozincite occurs with the layer silicates in many aluminium-free products, especially after the precipitates have been dialyzed and aged for extended periods. The formation of zinc silicate or carbonate compounds must depend on the concentration of silicic acid and bicarbonate ions in the system and the relative solubility of solid silicate and carbonate phases. Since carbon dioxide was not excluded in these experiments, dialysis tends to remove unreacted silicic acid without affecting the bicarbonate concentration, thus encouraging the formation of carbonates. The carbonate-free samples, S14/1 and $14/3, were associated with equilibrium solution concentrations of about 7 x 10 -4 and 3 x 10 5 molar silicic acid, respectively. Accordingly the range of silicic acid concentrations found in natural soil solutions may suffice to inhibit the formation of zinc carbonate as a separate phase in normal soils.
Compounds containing carbonate never formed when aluminium was included regardless of whether the products were dialyzed or not. This inhibition of the formation of hydrozincite is probably the result of increased chemical stability associated with partial substitution of aluminium in lattice positions (see above).
Although Roy and Mumpton (1958) suggested that 200:'C may be minimum temperature for the formation of willemite under hydrothermal conditions, it was produced by Esquevin (1960) at 100~ under atmospheric pressure. However, willemite was not detected in any of the products of this study at 20~ It is therefore considered unlikely that willemite forms in soils or in other such low temperature weathering environments. Esquevin (1960) tbund in studies at 100~ that the conditions which favoured the precipitation of e-zinc hydroxide or basic salts in silicon-free systems, also favoured the production of hemimorphite when silicate was included. Similarly, willemite and layer silicates formed under conditions favouring the precipitation of the zinc oxide. He proposed, following the views of Caill6re and H6nin ( 196 I) , that the initial formation of a zinc hydroxide with a brucitic structure [~-Zn(OH)~], was essential for the synthesis of a layered zinc silicate. By their hypothesis, the relatively unstable ~-Zn(OH)2, which would have only a transitory existence in the absence of silicon, would be stabilized by silicate ions and lead to a 2:1 layer silicate. Thus the association of ZnO in the silicon-free products and the synthesis of layer silicates was seen in terms of ~-Zn(OH)2. By the same hypothesis conditions favouring the precipitation of orthorhombic zinc hydroxides (e-and fl-) should yield hemimorphite (Esquevin, 1960) .
Mechanism ojlformation c~[" layer silicates
In our experiments, the formation of layer silicate was associated with the formation of orthorhombic zinc hydroxide and/or basic salts in the silicon-free system. Products containing silicon were, however, amorphous to X-rays when first precipitated. Since/~-and e-Zn(OH)2 may be converted to ZnO by heating, or by ageing at 20C, it seems possible that some of Esquevin's initial products at 100~ could also have been ]]-Zn(OH)~ and not ~-Zn(OH)2 as proposed. Interpretations based on initial products can be obscured by the fact that/i-Zn(OH)_, converts readily to the e-form, even at 20~
The transition from /LZn(OH)2 ~ e-Zn(OH)2 --~ 2ZnCO3.3Zn(OH)2 involves significant changes in unit cell dimensions and crystal symmetry. Accordingly, it seems reasonable that the initial precipitates with adsorbed silicic acid could evolve into layer silicates in the same way and thus provide a mechanism for the formation of zinc silicates in soils. There is no evidence that the brucitic ~-Zn(OH),_ is a necessary prerequisite for the formation of layer zinc silicates.
It has been established that 2:1 layer silicates can be formed under a range of conditions at 20~ from pure solutions, and also that silicon and zinc tend to be associated in the adsorbed state (Tiller, 1967) . Within this framework, it seems likely that the template provided by natural alumino/silicate clays should enhance the formation of layer zinc silicates in low temperature weathering environments such as soils. The control of chemical reactions by such zinc silicates may, however, be difficult to assess because of indeterminate stability constants arising from ionic substitution, variable crystallinity and the presence of associated materials.
